Theodosius Dobzhansky famously argued that nothing in biology makes sense except in the context of evolution (3) . It was later argued-somewhat less famously but no less correctly-that nothing in evolution makes sense except in the context of ecology (5) . That is to say, the ultimate driver of biology is the environment. Insofar as the current issue of Physiology emphasizes cell-cell interactions, this contribution to the series Physiology's Impact provides us the opportunity to consider the mechanical microenvironment and its role in the evolution of the cellular collective. In the context of the earliest cellular collectives and, even earlier, in the context of the earliest single-celled eukaryotes, what mechanical cues might have comprised important selective pressures?
The last common ancestor (LCA) of all eukaryotes was a single-celled heterotroph that first appeared roughly 2.4 billion years ago. Its prokaryotic predecessors had obtained all nutrition by means of molecular diffusion across a rigid peptidoglycan wall, whereas the eukaryotic LCA had lost its rigid wall and was therefore soft, highly deformable, and thus able to ingest particulate organic matter. This ability to ingest micrometer-scale particulates may have been the main selective pressure that drove early eukaryotic evolution, and this appealing notion has come to be called the phagotrophic hypothesis (2) . However, an alternative hypothesis suggests instead that the eukaryotic LCA was motile and able to forage within energyrich microbial mats at the bottom of the pond or the scum that floats atop it (7), both of which are mushy and soft, slimy and paste-like. Logically, were the early eukaryotic cytoskeleton much stiffer than its mushy microenvironment, then motility would necessarily become metabolically wasteful. But were the early eukaryotic cytoskeleton much softer than the microenvironment, then penetration into and motility within the mat would become mechanically implausible. It has been argued, therefore, that there existed a strong selective pressure for such a cell to adapt its deformability and its contractile machinery so as to match the material properties of the cell to that of its mushy microenvironment. If true, then this selective pressure would help to explain the suite of peculiar rheological features that characterize the modern-day eukaryotic cell (7, 12) .
It was only much later-more than 1 billion years ago-that multiple eukaryotic cells managed to join forces so as to create the earliest cell-cell junctions, extracellular matrix, and multi-cellular organisms. For the constituent cell within such a cellular collective, the microenvironment no longer comprised a mushy microbial mat but rather neighboring eukaryotic cells. Were one of these cells imagined to be personified by celebrated cartoon character Pogo, he would likely have said, "We have met the microenvironment and he is us." For such a cell immersed within a crowded sea of neighboring cells, what mechanical cues might have come into play? By virtue of mutual volume exclusion and mutual adhesion, for example, the existence of immediate cellular neighbors would logically tend to impede cellular motions and mutual cellular rearrangements and, in principle, might even lead in the extreme to cellular jamming and complete kinetic arrest. Experimental evidence is accumulating in support of the notion of cellular jamming (6, 8, 9) , which is an idea that has been borrowed only recently from the field of soft condensed matter to explain the physics of the cellular collective, both in healthy cellular collectives and in cancerous ones (6, 8, 9) . However, since the evolutionary implications of cell jamming have yet to be considered, we do so here.
On the one hand, we understand already that the cellular collective can attain fluid-like material states, by which we mean that the collective can exhibit substantial mechanical plasticity with little shape stability and, therefore, appreciable ability to remodel, flow, and fill space, as in wound healing or development. By fluid-like, we also mean that cells at the cluster boundary might even detach from the cluster and scatter, as in metastatic disease. On the other hand, we also understand that the cellular collective can attain solid-like material states, by which we mean that the collective can exhibit substantial shape stability with little remodeling or flow; in such cellular collectives, solid-like states approximating stasis might prevail, as in a stable epithelial layer at rest. And between these idealized extremes, there exists a spectrum of intermediate material states. The central notion of the cellular jamming hypothesis is that the material state of the cellular collective can exhibit a non-equilibrium phase transition of a particular kind-a jamming transition-as exemplified most simply by coffee beans that can become jammed in a chute or, if shaken, can become fluidized and flow. In the cellular collective, such a transition depends on physical factors that serve as control variables and include mutual cellular crowding, mutual cellular adhesion, and cellular motile force; there are others as well, but in the interest of simplicity we limit discussion here to these three. Within the hypothetical phase space of the jamming phase diagram, the vicinity of the jamming transition separating fluid-like vs. solid-like states is imagined to be depicted by cross-hatched surface in FIGURE 1. If cellular crowding or adhesion were to become large enough, or motile force small enough, the system might jam.
So, what might jamming have to do with evolution of multicellular collectives? Two distinctive features characterize the neighborhood of a jamming transition: criticality and fluctuations (6, 8, 10) . Just as a small change in temperature can cause the critical material transition (11) between water and ice, so too only a small change in one of the cellular control parameters (crowding, adhesion, or motile force) can cause a less dramatic but nonetheless precipitous shift between fluid-like vs. solid-like behaviors of the cellular collective (1). In the close vicinity of the jamming phase transition, but not elsewhere, criticality therefore confers on the cellular collective a mechanism of amplification in which small changes of a control parameter can cause large changes in physical behavior, reminiscent of power steering, as it were. The second feature is fluctuation. In the close vicinity of the phase transition, but not elsewhere, there arise within the collective large spontaneous cooperative fluctuations (4, 10) . These fluctuations are cooperative in the sense that they span tens to hundreds of cells, and, in the energetic sense, they are orders of magnitude larger than thermal energy fluctuations (6, 8, 10) . These cooperative fluctuations provide a convenient mechanism of mechanical agitation-an effective temperature, as it were-by which the cellular collective can accelerate the random exploration of its configuration space on the one hand or suddenly arrest that exploration so as to settle into a final configuration on the other. In its ability to regulate the rate at which the system explores its configuration space, these fluctuations confer on the cellular collective not only a powerful motor but also power brakes.
Anywhere in close vicinity to the jamming phase transition-but not elsewhere within the jamming phase diagram-the collective is therefore reasoned to enjoy the benefits of a powerful motor, power steering, and power brakes. Evidence for the existence of this phase transition in the cellular collective continues to accumulate, but the existence of a jamming phase diagram remains today only hypothetical. Nevertheless, it seems plausible, if not likely, that over the course of evolution some cellular collective would have eventually stumbled on the jamming surface depicted in FIGURE 1. This line of reasoning then predicts that, once the jamming surface was stumbled upon, the cellular collective would then experience advantages, and associated selective pressures, to evolve along trajectories lying within striking distance of that jamming surface, whether on one side or the other, and never depart very far from it. Are cellular jamming, criticality, and fluctuations epiphenomena? Or are they essential features of multicellular life? This is a hypothesis only, but in model systems in the laboratory it is a testable one. Ⅲ No conflicts of interest, financial or otherwise, are declared by the author(s).
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